Our previous studies demonstrated that protein kinase D (PKD), a serine/threonine kinase implicated in various cell processes, is upregulated in basal cell carcinoma (BCC), supporting a possible tumorigenic role for PKD in skin. As the greatest risk factor for BCC is sun exposure, the ability of ultraviolet B (UVB) irradiation to activate PKD in primary mouse keratinocytes was investigated. Using western analysis with two autophosphorylationspecific antibodies, we show for the first time that UVB activated PKD in a time-and dose-dependent manner. UVB-induced PKD activation was verified using an in vitro kinase assay. Furthermore, activation was reduced by antioxidant pretreatment, suggesting a link with oxidative stress. UVB-induced PKD activation was mediated primarily by Src family tyrosine kinases rather than protein kinase C (PKC), and in fact, UVB did not alter PKC-mediated transphosphorylation. UVB induced apoptosis dose dependently, and this death could be prevented by overexpression of wild-type PKD, but not mutant PKD or the empty adenovirus. Indeed, a mutant that cannot be phosphorylated by Src kinases exacerbated UVB-elicited apoptosis. Thus, our data indicate that UVB irradiation of keratinocytes induces Src-mediated activation of PKD, which protects cells from UVB-stimulated apoptosis, providing a possible explanation for the observed upregulation of PKD in BCC.
Introduction
Protein kinase D (PKD) is a serine/threonine kinase originally categorized as a member of the protein kinase C (PKC) family (and designated PKCm), because of its two diacylglycerol-and phorbol ester-binding cysteinerich domains (reviewed in Bollag et al., 2004) . However, further analysis has shown extensive homology to calcium/calmodulin-dependent protein kinases (Bollag et al., 2004) , and PKD is, therefore, classified as a member of a new PKD kinase family. Studies have shown a role for PKD in multiple cellular responses. For instance, PKD can promote cellular survival following oxidative stress through its ability to modulate the nuclear factor-kB pathway (Storz et al., , 2004a . Other reports suggest a role of PKD in Golgi trafficking and cell motility (Liljedahl et al., 2001; Prigozhina and Waterman-Storer, 2004; Yeaman et al., 2004; and reviewed in Van Lint et al., 2002) . Still other data indicate that PKD is involved in proliferative responses: PKD is activated by a variety of mitogenic agents (Bollag et al., 2004) , and its overexpression in fibroblasts enhances mitogenesis in response to these agents (Zhukova et al., 2001; Sinnett-Smith et al., 2004) . Also in epidermal keratinocytes a proproliferative and/or antidifferentiative role for PKD has been proposed (Bollag et al., 2004) .
Non-melanoma skin cancers (NMSCs) include squamous cell carcinoma and basal cell carcinoma (BCC). These malignancies are the most common in the United States, with a million new cases diagnosed each year and a rising incidence (Miller and Weinstock, 1994) . Exposure to solar ultraviolet radiation (UVR) is the single most important risk factor for developing NMSCs (Kraemer, 1997) , which arise from the predominant cells of the epidermis, the keratinocytes. UVR is a potent inducer of oxidative stress in exposed cells and possesses the ability to alter intracellular signaling pathways leading to a pathological state (Marathe et al., 2005) . Mitochondria are a major UVR-responsive organelle, and studies have shown that PKD can localize to this organelle (for example, Storz et al., 2005) , implying a possible role of PKD in the cellular response of keratinocytes to UVR. Further suggesting a potential link between PKD and epidermal tumorigenesis, PKD levels are increased in mouse epidermal carcinomas (Rennecke et al., 1999) and in human BCC (Ristich et al., 2006) . These results raise the possibility of an involvement of PKD in the keratinocyte response to UVR and photocarcinogenesis.
Results from this study indicate that ultraviolet B (UVB) irradiation of primary mouse keratinocytes resulted in the activation of PKD through oxidative stress and the action of Src family tyrosine kinases. Moreover, activated PKD protected keratinocytes from UVB-induced apoptosis, suggesting that alterations in PKD signaling upon UVB irradiation of keratinocytes could promote photocarcinogenesis. These results thus provide a link between our previous observation of elevated levels of PKD in BCC and epidermal tumorigenesis.
Results
UVB induced PKD activation in a time-and dosedependent manner in primary mouse keratinocytes Solar UVR is the single most important risk factor for the development of NMSCs, such as BCC, in which we previously observed elevated PKD levels (Ristich et al., 2006) . To investigate whether UVB irradiation of primary mouse keratinocytes results in the activation of PKD, cells were exposed to 30 mJ/cm 2 (in humans an approximate minimal erythemic dose to produce skin burns). Cell lysates were then collected at 15 min and 1, 2 and 4 h after exposure, and processed for western blotting using an antibody recognizing phosphoserine 916 of PKD (phosphoserine 910 in humans; an autophosphorylation site corresponding to active PKD; Matthews et al., 1999) and total PKD. UVB irradiation of keratinocytes induced an increase in PKD serine 916 phosphorylation observed as early as 2 h and remaining elevated at 4 h after exposure ( Figure 1 ). Two proteins of nearly equal molecular weights were detected in keratinocytes. Using reverse transcriptase-PCR (not shown) and a PKD2specific antibody, we have determined that keratinocytes express both PKD1 (upper band) and PKD2 (lower band) isoforms ( Supplementary Figure 1) , responsible for the double band observed in the immunoblots.
To examine the dose dependence of UVB-induced PKD activation, we irradiated keratinocytes with different doses of UVB (5, 15, 30 and 60 mJ/cm 2 ) and subjected cell lysates to western blot analysis. As shown in Figures 2a and b, UVB irradiation led to an increase in PKD activation (phosphoserine 916 immunoreactivity) in a time-and dose-dependent manner with an observable increase at 5 mJ/cm 2 noted at 2 h after irradiation. An in vitro kinase activity assay also demonstrated that UVB significantly enhanced PKD activation ( Figure 2c ). UVB increased PKD activity to a level approximately a third of that enhanced by the phorbol ester 12-O-tetradecanoylphorbol 13-acetate (TPA), an agent often used as a positive control because of its robust stimulation of PKD activity.
UVB did not increase serine 744 PKD (trans)phosphorylation in mouse keratinocytes, and PKC inhibitors had no effect on UVB-induced PKD activation In other studies, PKD activation was examined using an antibody against phosphoserine 744/748 within the activation loop of PKD (Iglesias et al., 1998; Song et al., 2006) . We examined the effect of UVB irradiation of mouse keratinocytes on the phosphorylation status of serine 744/748 (serine 738/742 in human) as an additional measure of PKD activation. To our surprise, we were unable to detect any increase in the phosphorylation of serine 744/748 residues at any of the time points tested at UV doses yielding significant PKD activation as monitored by serine 916 autophosphorylation ( Figure 3 ). TPA (100 nM for 30 min) served as the positive control and confirmed our ability to detect an increase in phosphorylation at this site. The Cell Signaling antiphosphoserine 744/748 antibody (Cell Signaling Technology, Boston, MA, USA) used in this study has been reported to primarily detect phosphorylation of serine 744 (serine 738 in human PKD), the residue transphosphorylated by PKC (Jacamo et al., 2008) . We next examined the activation loop phosphorylation with the Abcam phosphoserine 742 antibody (Abcam, Cambridge, MA, USA), which has been shown to recognize phosphoserine 742 (phosphoserine 748 in mouse), a residue that is autophosphorylated on PKD activation (Jacamo et al., 2008) . As anticipated, UVB increased autophosphorylated phosphoserine 748 immunoreactivity, consistent with its ability to activate PKD, although the increase was only B40% of that observed with TPA. This effect Figure 1 UVB induced activation of PKD in primary mouse keratinocytes. Near-confluent primary mouse keratinocytes were irradiated with 30 mJ/cm 2 UVB, and the control (Con) cells were sham-irradiated (rinsed and placed into the irradiator box for the appropriate time but without turning on the UV lamp). The cells were lysed at various time points after UVB irradiation as indicated and processed for western blotting using antibodies against phosphoserine 916 PKD (indicative of activated PKD) and total PKD. Actin served as the loading control. Illustrated in the upper panel is a blot representative of three separate experiments. Shown in the lower panel are the phosphoserine 916 PKD levels from three experiments quantified, normalized by total PKD levels and expressed as the means ± s.e.m.; *Po0.01 versus time zero by ANOVA followed by a Dunnett's post hoc test. Note that normalizing phosphoserine 916 PKD by actin levels gave essentially identical results in this and subsequent experiments. of UVB on serine 748 autophosphorylation was time and dose dependent (Supplementary Figure 2) .
It has been established that activation of PKD by phorbol esters and growth factors relies mainly on PKCmediated activation of PKD through serine 744/748 (primarily serine 744 ) transphosphorylation (reviewed in Waldron et al., 1999; Bollag et al., 2004) . Consistent with the lack of increased serine 744 transphosphorylation, we observed no effect of various PKC inhibitors, including the conventional PKC isoform inhibitors Go¨6976 and Go¨6983 ( Supplementary Figure 3) , PKCd inhibitors (Supplementary Figure 4) and a pan-PKC inhibitor Ro31-8220 ( Figure 4 ), on UVB-stimulated PKD serine 916 autophosphorylation.
Inhibitors with specificity against Src family tyrosine kinases reduced UVB-induced PKD activation Recent evidence suggests an important role for tyrosine 463 (tyrosine 469 in mouse) phosphorylation in oxidative stress-induced PKD activation , with Src and/or Abl as the upstream tyrosine kinases mediating phosphorylation of this residue . To test the possible involvement of tyrosine kinases, as well as PKC, in mediating UVBinduced PKD activation, keratinocytes were treated with tyrphostin 23, a general tyrosine kinase inhibitor, or PP2, a Src family kinase-selective inhibitor (or Ro 31-8220, a general PKC inhibitor) for 2 h before subjecting cells to UVB irradiation. Only pretreatment with PP2 Figure 2 Activation of PKD was dependent on time and dosage of UVB. Near-confluent primary mouse keratinocytes were irradiated with different doses of UVB, and the control cells were sham-irradiated. The cells were lysed at 2 or 4 h after exposure as indicated and processed for western blotting using antibodies against phosphoserine 916 PKD and total PKD. Actin served as the loading control. Shown is a blot, representative of three separate experiments, of (a) 2 h or (b) 4 h. The right panels show the quantitation of phosphoserine 916 PKD normalized to total PKD levels from three experiments expressed as the means±s.e.m.; *Po0.01 versus the zero dose by a repeated measures ANOVA and a Dunnett's post-hoc test. (c) For the in vitro kinase (IVK) assay keratinocytes were sham-irradiated (Con) or exposed to 30 mJ/cm 2 . Following PKD immunoprecipitation from control and UVBtreated keratinocyte cell lysates, PKD activity was measured as the transfer of radiolabel from (g-32 P) ATP to the substrate, syntide-2. Radioactivity spotted onto P-81 paper was quantified using a Beckman LS 6500 scintillation counter (Beckman, Brea, CA, USA). Values represent the means ± s.e.m. of nine samples from three separate experiments; *Po0.05 versus the control. Note that a positive control, 100 nM TPA for 2 h, gave a significant 159 ± 13% increase in PKD IVK activity (means ± s.e.m. of nine samples from three separate experiments; Po0.01).
Ultraviolet-induced protein kinase D activation
SN Arun et al attenuated UVB-induced PKD activation, returning the PKD activation level to a value not significantly different from the control value ( Figure 4 ), suggesting that in keratinocytes PKD activation following UVB is mediated primarily through a Src family tyrosine kinase.
UVB induced tyrosine phosphorylation of PKD
We next determined whether UVB irradiation of primary mouse keratinocytes induced tyrosine phosphorylation of PKD using a co-immunoprecipitation strategy, in which we immunoprecipitated PKD and immunoblotted for phosphotyrosine residues. As seen in Figure 5 , UVB irradiation of keratinocytes induced an increase in tyrosine phosphorylation when compared with control cells. Performing the experiment in the reverse direction, that is, immunoprecipitating with the anti-phosphotyrosine antibody and western analysis with anti-PKD (total) antibody, yielded similar results, and for quantitation purposes, the experiments were combined in Figure 5b . In multiple experiments an B1.5-fold increase in tyrosine phosphorylation of PKD was observed in response to UVB irradiation. Studies with a recently available commercial antibody recognizing phosphotyrosine 463 confirmed that the observed tyrosine phosphorylation occurred, at least in part, on tyrosine 463 (tyrosine 469 in mouse; Figure 5c ). Furthermore, experiments in which PKD was immunoprecipitated with anti-phosphotyrosine 463 and probed for autophosphorylation at serine 748 provided evidence that this tyrosine 463 -phosphorylated PKD was active (Supplementary Figure 5 ).
UVB-induced PKD activation was dependent on the redox state of the cells
It has been reported previously (Waldron and Rozengurt, 2000) that the reactive oxygen species (ROS)-scavenging agent, N-acetylcysteine prevents H 2 O 2 -induced PKD activation, including the activation loop serine 744/748 phosphorylation induced by H 2 O 2 but not that induced by PKC-activating phorbol ester (Waldron et al., 2004) . We examined the ability of N-acetylcysteine to alter UVB-induced PKD activation. A 24-h N-acetylcysteine pretreatment reduced PKD activation (normalized to total PKD levels) in response to UVB, returning the levels to a value not significantly different from the control and Figure 3 UVB did not increase phosphoserine 744/748 PKD phosphorylation (in particular phosphoserine 744 PKD transphosphorylation) in primary mouse keratinocytes, but enhanced serine 748 (serine 742 in human) autophosphorylation. (a) Near-confluent primary mouse keratinocytes were irradiated with 30 and 60 mJ/ cm 2 UVB, and the control cells were sham irradiated. The cells were lysed at various time points after exposure and processed for western blotting using a Cell Signaling antibody against phosphoserine 744/748 PKD, which primarily recognizes phosphoserine 744 as well as an antibody recognizing total PKD. Actin served as the loading control, and TPA (100 nM) stimulation for 30 min served as a positive control. Illustrated is a blot representative of three separate experiments. (b) Near-confluent primary mouse keratinocytes irradiated with 30 mJ/cm 2 UVB were lysed at 2 h after UVB and processed for western blotting. Control cells (Con) were sham irradiated, and a 15-min treatment with TPA (100 nM) was used as a positive control. Analysis was performed with an Abcam antibody recognizing autophosphorylated phosphoserine 742 (phosphoserine 748 in mouse). Heat shock protein 90 (Hsp90) served as the loading control. Shown under the blot are the densitometric values (normalized to the loading control) relative to the average (normalized) control value obtained with the Alpha Innotech gel imaging system (San Leandro, CA, USA). The experiment was repeated with similar results.
Figure 4
Inhibitors with specificity against Src family tyrosine kinases abrogated UVB-induced PKD activation. Near-confluent primary mouse keratinocytes were pretreated for 2 h with or without the inhibitors Ro 31-8220 (3 mM), tyrphostin 23 (10 mM) or PP2 (10 mM) as indicated and then subjected to sham or UVB irradiation with 30 mJ/cm 2 . The cells were further incubated for 2 h with or without the inhibitors. The cells were lysed and processed for western blotting using antibodies against phosphoserine 916 PKD and total PKD. Actin served as the loading control (Con with complete inhibition at 10 mM N-acetylcysteine, as shown in Figure 6 .
UVB induced apoptosis in primary mouse keratinocytes UVB irradiation has been reported to induce apoptosis in several cell types including keratinocytes (Assefa et al., 2005) . To examine this possibility in our cells, primary mouse keratinocytes were irradiated with different doses of UVB, and apoptosis was determined by measuring caspase-3 activity. UVB irradiation induced a dose-dependent increase in apoptosis ( Figure 7a ). UVB-dependent apoptosis was confirmed by western analysis monitoring poly-adenosine diphosphate ribose polymerase cleavage as a downstream marker of caspase-3 activity (Figure 7b ). Interestingly, there was also a decrease in phosphoserine 916 and total PKD immunoreactivity observed at higher UVB doses at 24 h after irradiation (data not shown), likely the result of apoptosis-related cleavage of the enzyme (Endo et al., 2000) .
Adenovirus-mediated overexpression of wild-type PKD but not mutant PKD, protected keratinocytes from UVB-induced apoptosis To determine the role of PKD in the apoptotic response to UVB irradiation, we overexpressed PKD and its mutants in the primary keratinocytes before UVB exposure. To do so, we obtained constructs of vector alone, wild-type PKD and PKD mutants with serines 738/742 mutated to alanines (ser 738/742 ala PKD) and with tyrosine 463 mutated to phenylalanine (tyr 463 phe PKD) from Dr Alex Toker (Harvard University, Boston, MA, USA). These constructs were cut from pcDNA3 and cloned into the pAdTrack shuttle vector, which was allowed to recombine with the viral backbone in an appropriate bacterial strain. The resultant viruses were amplified and purified. Keratinocytes were infected with viruses, and the overexpression of PKD and its mutants was verified by western blotting using total PKD antibody, with infection confirmed using an anti-green fluorescent protein antibody. Figure 8a illustrates the successful infection of the keratinocytes, and overexpression of PKD and its mutants.
To determine whether overexpression of PKD and its various mutants affects UVB-induced apoptosis, keratinocytes were infected with vector or wild-type PKD, or the ser 738/742 ala or tyr 463 phe PKD mutants and subjected to 10 mJ/cm 2 UVB irradiation. This submaximal dose of UVB was used to facilitate our ability to detect protective or exacerbating effects of PKD and its mutants on UVB-elicited apoptosis. Our results, illustrated in Figures 8b-d , indicate that compared with adenoviral vector infection, wild-type PKD overexpression protected against UVB-induced apoptosis, whereas the tyr 463 phe and ser 738/742 ala PKD mutants did not. Indeed, the tyr 463 phe mutant exacerbated the apoptotic response to UVB, as UVB-induced apoptosis in the tyr 463 phe PKD-infected cells was significantly enhanced relative to the UVB-exposed vector-infected control, although there was no statistically significant difference with this mutant in the absence of UVB exposure. This result is consistent with a dominant-negative action of the tyr 463 phe mutant in UVB-elicited apoptosis, and provides further support for the importance of tyrosine phosphorylation in PKD activation in response to UVB. On the other hand, the ser 738/742 ala Near-confluent primary mouse keratinocytes were irradiated with 30 mJ/cm 2 UVB, and the control cells were sham irradiated. The cells were lysed at 2 h after UVB exposure and immunoprecipitated using total PKD antibody followed by western analysis with a phosphotyrosine antibody. Aliquots representing one-fifth of the protein quantity immunoprecipitated were blotted with total PKD antibody to serve as the loading control (input). (a) Shows a representative blot of four separate experiments. (b) Values represent the means±s.e.m. of four separate experiments and are expressed as the negative (À) fold over the control value; *Po0.05 versus the control value of 1.0 by a two-tailed Student's t-test. Note that similar results were observed in experiments conducted in the reverse direction, that is, immunoblotting for total PKD following immunoprecipitation with anti-phosphotyrosine antibody. Therefore, the results were combined for quantitation in b. (c) Nearconfluent primary mouse keratinocytes were irradiated with 30 mJ/ cm 2 UVB (or treated with TPA for 15 min as a positive control) and the control cells were sham-irradiated (Con). The cells were lysed at 2 h after UVB exposure, and western analysis was performed using anti-phosphotyrosine 463 and total PKD antibodies. The experiment was repeated with similar results. Shown under the blot are the densitometric values (normalized to the loading control) relative to the average (normalized) control value.
PKD mutant was able to increase apoptosis basally and blunt the response to UVB, suggesting a role for activation loop (auto)phosphorylation in basal keratinocyte survival.
Discussion
Much of the cellular insult of UVR to the skin is brought about by UVA and UVB wavelengths. In addition, with longer wavelength UVR, the direct effect on target molecules decreases, whereas the indirect effects elicited by generation of ROS increases (reviewed in Assefa et al., 2005) . Solar UVR has been shown to activate many vital signaling pathways involved in cell survival and apoptosis (Assefa et al., 2005) , including nuclear factor-kB (Li and Karin, 1998; Reelfs et al., 2004) and stress-related kinases (Chen et al., 2001) . On the other hand, UVR can also trigger cell death through its ability to activate the intrinsic pathway of apoptosis and eliminate cells with DNA damage (Brash, 1996; Sitailo et al., 2002; Assefa et al., 2003) . PKC has also been implicated in UVR-related intracellular signaling events. Activation of PKCd induces apoptosis by the activation of caspases . On the other hand, activation of PKCe protects cells from death, suggesting the complex nature of PKC signaling and emphasizing that various upstream activators can differ in their ability to recruit downstream signaling molecules, resulting in disparate cellular responses (Matsumara et al., 2003) .
Previous studies in our laboratory have shown that PKD is localized to the highly proliferative basal layer of the skin (Dodd et al., 2005; Ristich et al., 2006) , and its levels are upregulated in human BCC and in a neoplastic mouse keratinocyte cell line (Ristich et al., 2006) . Because UVR is the single most important risk factor in the development of NMSCs, we undertook this study to determine the role of PKD in the cellular response to UVB in primary mouse keratinocytes, with the idea that misregulated PKD signaling during UVB exposure could potentially modulate epidermal photocarcinogenesis. Indeed, UVB irradiation led to PKD activation, monitored by autophosphorylation of serine 916 , in a time-and dose-dependent manner (Figures 1 and 2) .
Studies performed by other laboratories have used serine 744/748 phosphorylation as an additional marker of PKD activation. In our experiments, we detected no Figure 6 UVB-induced PKD activation was dependent on the redox state of the cells. Near-confluent primary mouse keratinocytes were pretreated for 24 h with different doses of N-acetylcysteine (NAC). Cells were then subjected to UVB irradiation with 30 mJ/cm 2 followed by a 2 h incubation. Control cells (Con) were sham irradiated. The cells were lysed and processed for western blotting using antibodies against phosphoserine 916 PKD and total PKD. Actin served as the loading control. Illustrated is a blot representative of three separate experiments. Shown in the lower panel are the phosphoserine 916 PKD levels from three experiments, normalized by total PKD levels and expressed as the means ± s.e.m.; ***Po0.05 versus no UVB treatment and w Po0.05 versus UVB alone by a repeated measures analysis of variance followed by a Student-Newmann-Keul's post hoc test. Near-confluent primary mouse keratinocytes were irradiated with different doses of UVB, and control cells were sham irradiated. The cells were lysed at 24 h after UVB exposure and processed for the caspase-3 activity assay as described in Materials and methods. Values are expressed relative to the control and represent the means±s.e.m. of three independent experiments performed in triplicate; **Po0.05 versus the control by analysis of variance followed by a Dunnett's post hoc test. (b) Samples were processed for western blotting using an antibody recognizing poly-adenosine diphosphate ribose polymerase (PARP) to monitor its cleavage (a marker of apoptosis and caspase-3 activation). Actin served as the loading control. Illustrated is a blot representative of three separate experiments. increase in phosphoserine 744/748 immunoreactivity, as monitored by an antibody recognizing primarily transphosphorylated serine 744 (Figure 3a) . Nevertheless, activation of PKD was confirmed by both the in vitro kinase assay (Figure 2c) and an increase in serine 742 autophosphorylation (Figure 3b and Supplementary  Figure 2 ). It should be noted that UVB-induced PKD activation was not as robust as that elicited by TPA, likely because TPA stimulates PKD activity via both PKC-mediated transphosphorylation and the generation of ROS (for example, Przybyszewski et al., 1998) .
To explore further the mechanism of activation of PKD, and more specifically the role of PKC in the activation of PKD, we used inhibitors with selectivity toward various isoforms of PKC. None of the PKC inhibitors tested had any effect on UVB-elicited PKD activation, suggesting that this process is independent of PKC activation. On the other hand, our data suggest that basal activation loop phosphorylation is required to prevent apoptosis under control conditions. Thus, the ser 738/742 ala PKD mutant increased apoptosis basally (in the absence of UVB), thereby essentially blunting the response to UVB (Figure 8b) . Together with the lack of effect of Ro31-8220 on basal PKD activation (Figure 4) , this result suggests the possibility that autophosphorylation of serine 742 is a critical factor in basal PKD activation to prevent apoptosis under control conditions.
Reports from various laboratories suggest a role for non-receptor tyrosine kinases, such as the Src-Abl pathway, in inducing tyrosine phosphorylation of PKD and leading to its activation. This idea was tested in our system using the inhibitor PP2 (a Src family selective inhibitor). PP2 decreased PKD activation, favoring the idea that a Src family tyrosine kinase may be involved in UVB-induced PKD activation (Figure 4 ). This conclusion was further supported by experiments showing that UVB increases tyrosine phosphorylation of PKD as well as western analysis using an antibody recognizing phosphotyrosine 463 ( Figure 5 ). This result is also consistent with the ability of the tyr 463 phe PKD mutant to act in a dominant-negative manner to exacerbate the apoptotic effect of UVB (and prevent the ability of PKD to promote survival; Figure 8 ).
The generation of ROS has been implicated in the pathophysiology of many human diseases. A link between ROS generation and PKD activation has already been established in other cell types (Waldron Figure 8 Overexpression of wild-type PKD protected keratinocytes from UVB-induced apoptosis, whereas the Ser 738/742 Ala and Tyr 463 Phe mutants did not. Primary mouse keratinocytes were infected with adenovirus expressing vector alone, wild-type PKD or the ser 738/742 ala (Ser4Ala) or the tyr 463 phe (Tyr4Phe) PKD mutants in serum-free keratinocyte medium for 24 h. After 24 h the medium was changed to fresh serum-free keratinocyte medium, and cells were cultured for an additional 48 h to attain confluency. (a) The cells were lysed and processed for western blotting using antibodies against total PKD to confirm overexpression and green fluorescent protein (GFP) to verify successful viral infection. Actin served as the loading control. Illustrated is a blot representative of at least three separate experiments. Alternatively, primary mouse keratinocytes infected with adenovirus expressing vector alone, (b) wild-type PKD, or the (c) ser 738/742 ala (Ser4Ala) or (d) tyr 463 phe (Tyr4Phe) PKD mutants were untreated (sham irradiated) or subjected to 10 mJ/cm 2 UVB irradiation. The cells were lysed at 24 h after UVB exposure, and processed for the caspase-3 activity assay as described in Materials and methods. Values are expressed relative to the maximal activity observed and represent the means ± s.e.m. of (a) three, (b) five and (c) five independent experiments performed in triplicate; *Po0.05, **Po0.01 versus the vector-infected, untreated (sham irradiated) control cells; w Po0.05 versus the vector-infected, UVB-irradiated cells; and y Po0.05 versus the PKD mutant infected, untreated cells as determined by analysis of variance followed by a Student-Newmann-Keul's post hoc test.
and Rozengurt, 2000) . To test the role of oxidative stress in PKD activation in response to UVB, we pretreated keratinocytes with the ROS-scavenging agent, namely, N-acetylcysteine. This antioxidant abrogated UVBinduced PKD activation (Figure 7) , emphasizing the dependence of UVB-elicited PKD activation on ROS. In addition, this result is consistent with Toker's demonstration of the ability of oxidative stress to activate PKD via Src-mediated phosphorylation of tyrosine 463 in HeLa cells, resulting in their protection from apoptosis Storz et al., , 2005 .
As observed in the other systems (Assefa et al., 2005) , irradiation of mouse keratinocytes with UVB led to a dose-dependent increase in apoptosis as measured by caspase-3 activity and poly-adenosine diphosphate ribose polymerase cleavage (Figure 7) . To test the photoprotective effects of PKD in UVB, we overexpressed adenoviruses encoding wild-type PKD and mutant versions of PKD in keratinocytes (Figure 8 ). Wild-type PKD overexpression abrogated UVB-elicited apoptosis, completely preventing apoptosis at a low UVB dose (10 mJ/cm 2 ). On the other hand, the ser 738/742 ala PKD mutant induced some apoptosis basally, suggesting that PKD is a survival signal and (auto)phosphorylation of its activation loop is required under basal conditions. However, this mutant seemed not to prevent the antiapoptotic action of PKD, as there was no difference in UVB-induced apoptosis with versus without ser 738/742 ala PKD overexpression. On the other hand, the tyr 463 phe mutant seemed to act as a dominant negative, as UVB-stimulated apoptosis was exacerbated with overexpression of this mutant (Figure 8 ). This result is thus entirely consistent with the idea that PKCmediated activation of PKD has little role in the activation of PKD by UVB, but that the key activator is tyrosine phosphorylation, likely by a Src family tyrosine kinase member.
Data from the Rozengurt laboratory showed that tyrosine 463 residue of PKD was dispensable for PKD activation, and mutation of this tyrosine had no effect on the activation loop phosphorylation (Waldron et al., 2004) . In contrast, Toker and colleagues have suggested the possibility that the phosphorylation of tyrosine 463 of PKD by the Src-Abl pathway leads to release of inhibition by the pleckstrin homology domain and exposes the activation loop phosphorylation sites . These differences could be because of the differences in cell type, in activating stimuli and/or in the nature of the recruitment of upstream signaling molecules. Storz et al. (2004a) have demonstrated that full activation of PKD in response to oxidative stress requires two sequential events: tyrosine phosphorylation by Src-Abl leads to the activation of PKCd and the activated PKCd promotes activation loop phosphorylation of the sites exposed upon Src-Abl-mediated phosphorylation of PKD tyrosine 463 . In our study, pretreatment of keratinocytes with PKCd inhibitors did not attenuate UVB-induced PKD activation, suggesting the possibility that UVB signals can be relayed to activate PKD without involving PKCd. Recently, PKC-independent activation loop serine 744/748 phosphorylation in response to mitogen-induced stimulation was demonstrated (Sinnett-Smith et al., 2009) , and differentiating keratinocytes re-entering the cell cycle exhibit PKD activation without an increase in serine 744 phosphorylation (Jadali and Ghazizadeh, 2010) . Thus, our results are consistent with the idea that enhanced PKC-mediated phosphorylation of PKD is not required for its activation by UVB irradiation. Nevertheless, the ability of the ser 738/742 ala mutant to promote apoptosis basally, and its inability to prevent UVB-induced apoptosis, suggest that activation loop (auto)phosphorylation, presumably at serine 748 (serine 742 in human PKD), is necessary for the ability of PKD to protect cells from UVB.
In summary, our results indicate that activation of PKD seems to confer a survival advantage to UVBdamaged keratinocytes, with the result that any genetic mutation induced by irradiation could potentially be amplified as a result of increased PKD activation and action. Thus, our study provides a direct link between UVB exposure and PKD activation and points toward a role for PKD in the development of NMSCs, for which exposure to solar UVR represents the most important risk factor. Thus, identification of PKD as a potential pharmaceutical target suggests that appropriate inhibitory compounds might be useful for intervention in disease progression. As PKD has numerous roles in other cellular processes systemically, any generalized inhibition of the enzyme could lead to undesired side effects. The promising aspect of skin biology is that many of the inhibitors identified to date could be applied topically, thereby circumventing the difficulty of possible systemic side effects. Therefore, the development and/or identification of specific or selective inhibitors of PKD could lead to effective weapons in the pharmaceutical arsenal for treatment of epidermal tumorigenesis.
Materials and methods

Materials
All reagents used were of the highest quality available. Calcium-free minimum essential medium-a was from Biologos Inc. (Montgomery, IL, USA), ITS þ Premix (6.25 mg/ml insulin, 6.25 mg/ml transferrin, 6.25 ng/ml selenous acid, 1.25 mg/ml bovine serum albumin and 5.35 mg/ml linoleic acid) from Collaborative Biomedical Products (Bedford, MA, USA), and bovine pituitary extract and epidermal growth factor from Gibco Invitrogen (Carlsbad, CA, USA). DC protein assay reagents were from Bio-Rad (Hercules, CA, USA). Bovine serum albumin was from Sigma (St Louis, MO, USA), and Immobilon-P polyvinylidene fluoride membrane was from Millipore (Bellerica, MA, USA). Antibodies recognizing phosphoserine 916 PKD (#2051), phosphoserine 744/748 PKD (#2054) and total PKD (#2052) were from Cell Signaling Technology, anti-phosphoserine 742 PKD (#ab17945), anti-phosphotyrosine 463 PKD (#ab59415) and anti-PKD2 (#ab7281) from Abcam and anti-actin (#sc1616), anti-Hsp90 (#sc7947) and anti-PKD (#sc638, 639 and 935) antibodies from Santa Cruz Biotechnology (Santa Cruz, CA, USA). AlexaFluor IR680-conjugated secondary antibodies were from LiCor Biosciences (Lincoln, NE, USA) and horseradish peroxidase-coupled secondary antibodies from Cell Signaling Technology or Thermo Scientific (Waltham, MA, USA).
Cell culture
Primary epidermal mouse keratinocytes were prepared from 1to 3-day-old neonatal Institute for Cancer Research ICR (CD1) outbred mice and cultured in serum-free keratinocyte medium as described in Jung et al. (1999) . Cells were refed every 1-2 days.
Western blot analysis
Near confluent (480%) cultures of primary mouse keratinocytes plated in the top row of six-well plates were washed with phosphate-buffered saline lacking calcium and magnesiuim (PBSÀ), followed by a second rinse with PBSÀ, which was aspirated, leaving a thin film to prevent drying of the cells. The cells were then exposed to UVB radiation using a Philips UVB broadband lamp (Solarc Systems, Barrie, ON, Canada), which was calibrated using an IL1700 research radiometer with a UVB-1/W phototherapy sensor (International Light Technologies, Peabody, MA, USA). After irradiation, cells were refed with serum-free keratinocyte medium, incubated in a 5% CO 2 incubator at 37 1C for the indicated times and harvested using heated lysis buffer (0.1875 M Tris-HCl (pH 8.5), 3% sodium dodecyl sulfate and 1.5 mM ethylenediaminetetraacetic acid). Protein concentration was determined using the DC protein assay with bovine serum albumin as the standard, and 3 Â sample buffer (30% glycerol, 15% b-mercaptoethanol, and 1% bromophenol blue) was added to the remaining lysate to constitute loading buffer (Laemmli, 1970) . Equal amounts of protein were separated by electrophoresis through 8% polyacrylamide gels and transferred to Immobilon FL. Membranes were blocked with LiCor blocking buffer, and incubated overnight at 4 1C with the desired antibodies. Immunoreactive bands were visualized using the appropriate AlexaFluor IR680conjugated secondary antibodies and the Odyssey Infrared imaging system (Licor Biosciences) and quantified using Odyssey application software (version 2.1). Alternatively, western blots were incubated with horseradish peroxidase-coupled secondary antibodies, visualized with enhanced chemiluminescence using SuperSignal West Femto chemiluminescence substrate (Thermo Scientific) on an Alpha Innotech Fluorchem 8900 (San Leandro, CA, USA) and quantified using the instrument's software, or with ECL Plus Western Blotting Detection Reagent from GE Healthcare (Piscataway, NJ, USA) and Blue Basic Autorad film (ISC Bioexpress, Kaysville, UT, USA).
In vitro kinase assay
The PKD in vitro kinase activity assay was performed as in Dodd et al. (2005) , following immunoprecipitation of PKD using the Santa Cruz PKD antibodies.
Caspase-3 activity assay
Caspase-3 activity was measured using a Caspase-3 Apoptosis Detection kit (Santa Cruz Biotechnology Inc.) according to the protocol of the manufacturer. Briefly, primary mouse keratinocytes were UVB irradiated and 24 h later after washing with PBSÀ, cells were lysed in cell lysis buffer (provided by the manufacturer and used at a ratio of 1 ml per B2 Â 10 6 cells). An aliquot of the cell lysate was transferred to a microcentrifuge tube, and master mix (2 Â reaction buffer (provided), dithiothreitol (10 mM final concentration) and 5 ml DEVD-AFC aspartae-glutamate-valine-aspartate-7-amino-4-trifluoromethylcoumarin substrate per reaction) was added to each sample. After incubation of the reaction mixtures for 1 h at 37 1C, an aliquot of each sample was transferred to a 96-well plate (Microlite 2 þ FLT BTM Thermo Labsystems (Waltham, MA, USA), catalog no. 7572) and the levels of free AFC measured using a fluorescent microplate reader (SPECTRAFluor Plus, Tecan, Ma¨nnedorf, Switzerland) with 400 nm excitation and 505 nm emission filters.
Co-immunoprecipitation
Cells were scraped into immunoprecipitation lysis buffer containing 50 mM Tris (pH 7.5), 150 mM NaCl, 1% NP-40, 5 mM NaF, 1 mM Na 3 VO 3 , 1% phenylmethanesulfonylfluoride and 1% aprotinin on ice. Protein concentration was determined and the lysates were pre-cleared with rabbit immunoglobulin G beads followed by incubation with the appropriate primary antibodies (with rocking). To collect the immunoprecipitates, rabbit immunoglobulin G beads were incubated with the samples, collected by centrifugation and washed three times with immunoprecipitation lysis buffer. After addition of loading buffer, proteins were separated by SDS-polyacrylamide gel electrophoresis and visualized by western blot analysis, as described earlier.
Production of PKD-expressing adenoviruses
Adenoviruses containing various recombinant PKD constructs were made using the AdEasy adenoviral system provided by Dr Bert Vogelstein (Johns Hopkins University, Baltimore, MD, USA), as described (He et al., 1998) . Briefly, PKD constructs obtained from Dr Alex Toker (Harvard University) were cut from pcDNA3 and ligated into the pAdTrack-cytomegalovirus shuttle vector containing green fluorescent protein. The resultant plasmids were linearized and electroporated into recombinationproficient BJ5183 cells. Cells containing the correct inserts were selected using kanamycin, and the plasmid DNA was isolated using Qiagen (Valencia, CA, USA) mini-prep kits. The recombined plasmids were chemically transformed into XL10 Gold cells, and DNA was obtained from these cells. To produce the viruses expressing PKD, the above DNA was transfected into Ad-293 cells using Lipofectamine (Invitrogen, Carlsbad, CA, USA). The infected cells exhibiting cytopathic effects 470% were harvested into PBSÀ and collected by centrifugation. Cell pellets were subjected to repeated freeze-thaw cycles in liquid nitrogen followed by centrifugation. The supernatants were collected and virus particles purified using cesium-chloride gradient ultracentrifugation. The resulting viral particles were dialyzed against several changes of buffer and stored in a virus storage solution (10 mM Tris, pH 8.1 in 0.9% NaCl containing 10% glycerol) at À20 1C until use. The number of viral particles was determined by protein quantitation.
Adenovirus infection
Virus-packaged PKD constructs were added to primary mouse keratinocyte cultures on the second day after plating, concominant with the change to serum-free keratinocyte medium. The virus-containing media was removed at 24 h after infection and cells were refed with serum-free keratinocyte medium. Cells were incubated for an additional 24 h before exposure to UVB. PKD overexpression was confirmed by western analysis using total PKD antibody and viral infection, verified by monitoring green fluorescent protein levels.
Statistical analysis
Experiments were performed a minimum of three times on separate keratinocyte preparations. Data were statistically evaluated with two-way, or repeated measures if matching was shown to be effective, analysis of variance and a Student-Newmann-Keul's or Dunnett's post hoc test using Instat (GraphPad Software, San Diego, CA, USA), as indicated.
